Abstract: Exposure to radiation during brain development stage cause microcephaly or mental retardation. Although X-and gamma-rays induced cerebral hypoplasia in rodents has been well characterized, little is known about such effects of neutrons. To examine the effects of prenatal exposure to neutrons on the development of brain and other organs, both male and female B6C3F1 mice were irradiated with fast neutrons (0.1, 0.2, 0.5, 1 Gy) or gamma-rays (0.8, 1.5 Gy) at embryonic day 13.5, and the animals were examined histopathologically 56 days after birth. Both types of radiation mainly caused hypoplasia of the cerebral cortex and lowered brain absolute weight. No sex differences were seen. These changes were remarkable in each highest dose group. The weight loss of the brain was noted at the lowest dose group of neutrons. In addition, the weight loss of the thymus, atrophy of the seminiferous tubules, and a decrease in follicles of the ovary were also noted in the higher dose groups of neutrons and gamma-rays. The degrees of these changes were larger for neutrons. (J Toxicol Pathol 2004; 17: 63-68) 
Neutron is a non-charged particle and is classified as a high-linear energy transfer (LET) radiation. In general, biological effects of high-LET radiation are known to be larger than those of low-LET radiation such as gamma-and X-rays. It has been said that the quality of biological effects of neutrons is the same as those of low-LET radiation. However, it has not yet been clarified whether the quantities and mechanisms of biological effects induced by high-LET radiation are the same as those induced by low-LET radiation. The criticality accident occurred in 1999 in Japan, in which the generation of neutrons was recognized as one of the serious problems 1 , caused necessity of researches on biological effects of neutrons. In risk assessment of neutroninduced biological effects, the evaluation of dose-response relationship and relative biological effect (RBE) of neutrons in relation to exposure of low-LET radiation is important. In addition, the biological effect of neutrons depends on their energy. In most of the past researches on biological effects of neutrons, reacter-derived fission neutrons in which energy spectrum was broad have been used. So, the necessity of researches on energy dependency using fast neutrons is now recognized. Since 2001, the National Institute of Radiological Sciences (NIRS) has started the biological effects research program on neutrons to evaluate two major subjects: RBE of neutrons for carcinogenesis (murine myeloid-leukemia, rat mammary tumor) and for effects on developing nervous systems in rodents. In this program, cyclotron-derived fast neutrons with peak energy of 10 MeV and electrostatic accelerator-derived fast neutrons with peak energy of 2 MeV were used to investigate energy dependency of biological effects of neutrons. Regarding biological effects of prenatal irradiation, it is well known that radiation induces microcephaly or mental retardation in human when fetus was irradiated during brain development stage [2] [3] [4] . Several studies have demonstrated that prenatal exposure to low-LET radiation induced abnormalities of the developing brain such as cerebral hypoplasia [5] [6] [7] and neuronal cell death 8, 9 , and deceleration of neuronal migration 10,11 in rodents. As for neutrons, Vogel and his colleagues examined the changes of brain in mice prenatally exposed to 0.5 Gy of fission neutrons [12] [13] [14] , and showed that the body weight and the brain weight decreased induced in the irradiated mice 12, 13 . Regarding the mechanism, they showed that the damage to the brain of the fetus after neutron irradiation was mainly due to killing and /or inhibition of the differentiation of neuroblasts 13 , and inhibition of protein synthesis was also observed in the irradiated brain 14 . Although, their studies revealed the important mechanisms concerned in the abnormalities of developing brain induced by prenatal irradiation with neutrons, the dose-response relationships and mechanisms of the biological effects of prenatal exposure to neutrons in comparison with those of low-LET radiation have not yet been clarified. In this communication, B6C3F1 mice were used to clarify the basic characteristics of the dose-response relationship of brain hypoplasia and the nature of histopathological changes in organs and tissues of mice prenatally exposed to 10 MeV fast neutrons, and also to speculate RBE of 10 MeV fast neutrons in relation to exposure of low-LET radiation.
The animals used were bred at our institute. They were housed in an animal room controlled at temperature of 23 ± 1°C and a relative humidity of 55 ± 5% with a 12 hour lightdark cycle, fed standard commercial laboratory diet (Funabashi Farm Co., Tokyo, Japan), and given chlorinated water ad libitum. Female C57BL/6JNrs mice were caged with male C3H/HeNrs mice from 5:00 p.m. to 9:00 a.m. next morning. Pregnancies were dated as embryonic day 0 (E0) at first midnight after mating. Twenty one pregnant mice were assigned to seven groups (non-irradiated control, fast neutrons (0.1, 0.2, 0.5, 1 Gy)-and gamma-rays (0.8, 1.5 Gy)-irradiated groups. Three mice per each dose group). The highest dose of each radiation induced a large number of apoptosis of the cortical neurons in the fetus brain 24 hours after the irradiation in the same protocol study conducted in our laboratory 15 . They were irradiated on E13.5 which corresponded to the radiosensitive developmental stage of the brain. Neutrons were generated from the NIRS cyclotron, using deuteron-Beryllium reaction. The estimated forward neutron spectra found 10 MeV as the peak energy. The dosimetry was conducted using an ion chamber filled with tissue equivalent gas, and the dose of neutrons in this study was expressed as kerma (Gy). The contamination of gamma-rays was estimated as about 5% of neutron dose. Exposure to 137 Cs-gamma-rays was conducted with Gammacell (Nordion Inc., Canada). The mean dose rate was 0.15 Gy/min for neutrons and 0.65 Gy/min for gamma-rays, respectively. The offsprings were fostered by normal mothers, and seven to 12 animals, at 8 weeks of age, per each group were killed by exanguination under ether anesthesia. The brains, hearts, livers, lungs, kidneys, spleens, thymus glands, testes, and ovaries were weighed, fixed with formalin, and were subjected for histopathological examination. Blood samples obtained at necropsy were subjected to hematological analyses. All the animal experiments were carried out with permission and under regulation of the Institutional Committee for Animal Safety and Welfare of the National Institute of Radiological Sciences.
The terminal body weights of the irradiated groups were lower than that of the control group (Table 1) . The Neutrons 0.1 28.6 ± 1.9 448 ± 6 47.3 ± 6.0* 144 ± 16 1480 ± 172** 110.9 ± 23.5 168 ± 37 448 ± 50 186 ± 10 0.2 28.6 ± 0.9 446 ± 10 45.0 ± 8.1** 142 ± 11 1447 ± 187* 116.5 ± 32.5 150 ± 6 422 ± 38 184 ± 9 0.5 25.6 ± 1.3** 394 ± 5** 44.4 ± 6.2** 120 ± 6 1171 ± 81 81.6 ± 9.7 128 ± 7** 354 ± 25* 149 ± 4** 1 23.5 ± 0.9** 344 ± 12** 38.2 ± 4.1** 113 ± 9** 1114 ± 88 69.1 ± 6.8* 119 ± 8** 318 ± 23** 55 ± 17** Gamma-rays 0.8 28. Neutrons 0.1 21.6 ± 0.9 454 ± 10** 63.0 ± 6.1** 117 ± 14 1044 ± 65 92.0 ± 10.0 135 ± 11 297 ± 24 11.7 ± 2.4 0.2 21.7 ± 1.2 449 ± 15** 60.5 ± 4.6** 110 ± 16 990 ± 141 91.5 ± 6.9 122 ± 29 283 ± 20 11.4 ± 1.8 0.5 19.0 ± 1.0** 397 ± 14** 51.5 ± 4.0** 95 ± 8* 910 ± 135 75.6 ± 7.4** 125 ± 16 243 ± 14** 9.6 ± 2.1* 1 16.8 ± 0.7** 332 ± 13** 41.9 ± 4.9** 90 ± 7** 787 ± 60** 60.8 ± 4.8** 112 ± 13** 218 ± 11** 9.3 ± 2.4* Gamma-rays 0.8 21. decrease of the body weight was dose related and showed a similar pattern in both sexes. Hematologically, no apparent and dose related changes were noted in the irradiated groups (data not shown).
In the highest dose groups of each radiation type, cerebral hypoplasia including decreases in thickness of cerebral cortex, length of cerebral hemispheres and volume of cerebral hemispheres (Fig. 1) was remarkably observed in both sexes. Table 1 and Table 2 show the absolute weight of major organs and tissues and the relative weight of major organs and tissues, respectively. The absolute brain weights of the irradiated groups were significantly lower than those of control group in each sex, and the changes in the highest dose groups of each radiation type were quite strong so that their relative brain weights showed significantly lower values. Other than the brain weight, the absolute weights of almost all organs and tissues in the highest dose groups of neutrons and gamma-rays were significantly lower than those of the control group in both sexes. As to the relative organ and tissue weights, significant decreases were found in the thymus of both sexes, testes, and spleen of the female in the neutron-irradiated groups. Similar effects were also observed in the gamma-ray-irradiated groups. Table 3 shows the representative histopathological findings observed in this study. In the brains of irradiated groups, thinning of cerebral cortex was noted in both sexes and hypoplasia of cerebrum was also observed in the highest dose groups of neutrons and gamma-rays (Figs. 2b, c) . In these lesions, the architecture of the brain was normal, and the cellularity of neuronal layer or nucleus seemed to be almost normal (Figs. 2d, e) .
Other than the brain lesions, histopathologial changes were observed in the testes and ovaries. Atrophy of the seminiferous tubules was seen in bilateral testes in the neutron (0.5 and 1 Gy) (Fig. 3a) and gamma-ray groups. Mild decrease in number of follicles with rest of corpus luteum indicating abnormal estrous cycle was noted in the higher dose groups of both types of radiation (Fig. 3b) .
Fast neutrons caused cerebral hypoplasia in B6C3F1 mice dose-dependently when they were irradiated at the brain developing period. Gamma-rays used for comparison apparently induced decreases of the brain weight at 1.5 Gy like as previously reported in similar experiments using mice 6 . The degree of the decrease of brain weight was thought to be stronger in the neutron groups than in the gamma-ray groups, and RBE for the decrease of brain weight was considered to be 2 to 3 for both sexes. Regarding the pathological changes in the brain, there was no apparent differences between the neutron and gamma-ray-irradiated groups. Ectopic neuronal foci which have been reported to be induced in the cerebral cortex of ICR mice prenatally exposed to X-rays 16 and 60 Co-gamma-rays 17 were not observed in this study. The histopathological differences from those reports may be related to the strain difference or type of radiation. Vogel et al. 12 and Antal et al. 13 examined the abnormalities of brain development in BDF1 mice i r r a d i a t e d w i t h 0 . 5 G y o f f i s s i o n n e u t r o n s w i t h contamination of 0.18 Gy of gamma-rays at E17, and showed remarkable decreases of the brain weight and the body weight in the irradiated mice, however the postnatal histopathological changes of the affected brains were not been determined. Antal et al. 13 focused on the early events in the cerebrum of the fetuses, and they hypothesized that pycnotic nuclei, inhibition of mitosis in neuroblasts, and cell death observed in the brains 6 hours after irradiation were the major changes in prenatal irradiation-induced cerebral hypoplasia in mice. Inouye et al. 10 presented that the inhibition of neuronal migration during the brain development by low-dose of low-LET radiation participated in cerebral hypoplasia induced in mice. On the other hand, a decrease of the absolute brain weight was still significantly apparent at 0.1 Gy of neutrons in the female mice in this study. From these reports and the present observation, it was considered to be quite important to determine to what degree do the early cell death and growth arrest of cerebral neurons, and the inhibition of neuronal cell migration were related to cerebral hypoplasia induced by prenatal neutron exposure. Other than the brain changes, while several organs and tissues weights were decreased, atrophic changes were only seen in the genital organs of the high dose groups of neutrons, and also of gamma-rays. A decrease of testis weight was also reported by Vogel et al. 12 in BDF1 mice prenatally irradiated with neutrons. Though the mechanisms of testicular atrophy observed in this study was obscure at the present, examination on the early changes in the testis, such as cell death of spermatogonia, may provide us some information about its mechanism. Histological changes of the ovary seen in the high dose groups were thought to be abnormal estrous cycle which may be related to the ovarian tumorigenesis. The prenatal exposure to neutrons or photons has been known to induce tumors of the liver and ovary in B6C3F1 mice 18 . The causative mechanisms of the underdevelopment of body, brain, and other organs and tissues are not clear at the present. Neuro-hormonal regulation such as growth hormones, or cell proliferation regulation and/or apoptosis in those organs and tissues may be involved in their mechanisms. On the other hand, Vogel et al. 12 reported that decreases of the body weight and the brain weight were much more significant in the mice irradiated at E17 than in the mice irradiated at E15, so that the pathological examination of early cell death and cell growth inhibition in the organs and tissues, in relation to the developmental phase, may provide us good information about the mechanisms and characteristics of the underdevelopment of mice prenatally exposed to neutrons.
The present study revealed the dose-response relationship and characteristic postnatal changes in B6C3F1 mice prenatally exposed to fast neutrons.
